Abstract-Emerging applications of Ultra-Wide Band (UWB) combine low to medium rate communications with positioning capabilities allowing centimeter level accuracy in ranging. For positioning systems employing UWB radios, time-based schemes provide very good accuracy due to the high time resolution of UWB signals. These time-based positioning systems rely on measurements of travel times of signal between nodes allowing to estimate the distance between nodes. The standard IEEE 802.15.4a-2007 propose TWR and SDS-TWR time-based protocols for ranging purpose. However, the accuracy of TWR is quite poor due to the effects of clock skews. SDS-TWR mitigates the clock skew error at the expenses of the number of message exchanges, which is increased. In this work, we present a novel approach for accurately estimating the ToF in UWB taking into account the clock skew between nodes while minimising the number of exchanged messages. Experimentations were carried out in our Open Source Framework, which enables fast prototyping of protocols based on an UWB Physical Layer.
I. INTRODUCTION
Increasing attention and interest has been drawn lately to wireless positioning systems, specially for indoor conditions where Global Positioning Systems (GPS) are not available. Systems based on radio frequency signals (RF) require a simpler infrastructure than other technologies but at the cost of a reduced accuracy. This accuracy is of several meters using WiFi [6] , ZigBee [1] or in the order of tens of meters for mobile networks [3] . However, such precision is unacceptable for applications with centimetre-level accuracy requirements. Emerging applications of Ultra-Wide Band (UWB) combine low to medium rate communications with positioning capabilities allowing centimeter level accuracy in ranging, as well as low-power and low-cost implementation of communication systems. For positioning systems employing UWB radios, time-based schemes provide very good accuracy due to the high time resolution (large bandwidth) of UWB signals. These time-based positioning systems rely on measurements of travel times between nodes. In agreement with this, the IEEE proposed the amendment IEEE 802.15.4a-2007 [5] for the creation of a new physical layer for low data rate communications combined with positioning capabilities. One of the formats of communication signal defined by the standard is the Impulse Radio Ultra-Wide Band (IR-UWB). Three different time-based ranging protocols were proposed by the standard: Two-Way Ranging (TWR), Symmetric Double Sided (SDS)-TWR and the third protocol, called Private Ranging designed for systems in which the position information should be kept private. Both TWR and SDS-TWR share the objective to estimate the Time of Flight (ToF) between two nodes. The drawback of TWR is that clock skews are not compensated leading to inaccurate estimations of the ToF. SDS-TWR reduces the clock skew error by considering two symmetric TWR's to the detriment of the number of exchanged packets which is increased. In this work, we present a novel approach for accurately estimating the ToF in UWB. Our approach allows the estimation of the ToF by considering the clock skew between nodes while minimising the number of exchanged messages. The remainder of this paper is organised as follows. Section II presents the related work regarding the existing ranging protocols. Section III presents an introduction to the standard IEEE 802.15.4a for ranging purposes. Our Skew-Aware TWR approach for estimating the ToF with skew compensation is presented in Section IV. Experimentations and results are presented in Section V. Finally, Section VI presents the conclusion and perspectives of our work.
II. RELATED WORK
Ranging gives an estimate of the distance between two nodes. To compute the range between two nodes, protocols need to collect either the Time of Flight (ToF) or the Received Signal Strength (RSS) from source to destination. ToF-based protocols compute the distance by multiplying the ToF by the propagation speed. In Time of Arrival (ToA), a mobile sends a message to an anchor marking the emission time. Once received, the anchor records the reception time and sends this information back to the mobile node in order to estimate the ToF by subtracting both timestamps. This simple approach requires, however, a common notion of time between nodes. In other words, a synchronisation between node's clocks is mandatory. The conventional two-way ranging protocol (TWR) estimates the range without a common timing reference. In this protocol (Figure 1a) , the mobile node sends a START message recording the departure time t 1 . Once this message is received by an anchor, the anchor records the arrival time t 2 and sends the corresponding acknowledgement (ACK) back to the mobile, recording also the departure time t 3 . After receiving the ACK message, the mobile node will also record the arrival time t 4 . Since it is usually impossible to predict the ACK departure time (and thus impossible to embed this information in the ACK response), a second REPLY message is sent back to the mobile node carrying the information regarding t 2 and t 3 . With this information at the mobile node side, the ToF can be computed as follows:
An improvement of TWR, named 2M-TWR, was proposed in [10] . In this work, authors make use of an advanced functionality of the DecaWave DW1000 [2] transceiver that allows sending a frame at a precise time. Thanks to this feature, the MAC-layer has the ability to generate a frame which includes its future transmission time. Then, both t 2 and t 3 can be embedded in the ACK response, reducing then the number of message exchanges since the REPLY message is no longer needed. One of the sources of error in TWR protocol is the clock skew. Crystal oscillators used in sensor nodes do not work exactly at the nominal frequency, so there may be a small positive or negative offset in the time measurements. Since propagation speed is almost the speed of light, even a small offset causes a significant error in ranging. The Symmetric Double-Sided Two Way Ranging (SDS-TWR) shown in Figure ( 1b) was proposed to reduce the clock skew error. By means of two TWR's, it reduces the impact of clock skew on the ranging results. The ToF can then be computed as:
Unlike the TWR algorithm, SDS-TWR algorithm needs at least 4 packets to get ranging information. Moreover, in order to eliminate the effects of clock skews, it assumes that the reply time at the sender A is the same as the reply time of receiver B. Different variants of SDS-TWR have been proposed in literature. In [8] , authors propose the SDS-TWRMultiple Acknowledgement (SDS-TWR-MA) in which the anchor sends multiple ACK frames for a single START message from the mobile node. The basic idea behind the proposed algorithm is to use multiple acknowledgement (ACK+REQ) packets to a single ranging request, instead of iterating the whole ranging process to get a stabler ranging result. According to their results, the ranging algorithm reduces the number of ranging packets 33% compared to SDS-TWR. Unlike SDS-TWR-MA, the scheme proposed in this paper keeps the number of frame exchanged identical to a basic TWR. Our aim is to improve the accuracy of TWR by making use of the information obtained from previous ranging exchanges. In [9] , authors propose Double Two-Way Ranging (D-TWR) protocol for estimating the ToF, reducing the effects of clock skews without the assumption of identical reply time between nodes A and B. Node A starts the ranging by sending a START message and, after a fixed delay τ A , a second message is sent to node B. By using a fixed time delay, the reply time of each device is no longer needed. Results show that D-TWR can reduce the number of ranging packets when compared to SDS-TWR. Even though SDS-TWR helps in reducing the impact of skew, it has the drawback that the number of exchanged messages is incremented, an issue that may be prohibitive for certain applications. The goal of all previously presented works is to present a ranging protocol that provides the most accurate instantaneous ranging measurement. Hence, protocols that perform better are normally those increasing the number of frames. In this work, and contrarily to this, we aim to keep the number of exchanged frames at minimum and constant. This objective has several advantages : (i) ranging exchanges reduce the bandwidth of other communication and hence, minimising these exchanges offers more bandwidth to other network services.
(ii) we investigate ranging for UWB sensors where energy expenditure has to be kept at minimum. Our scheme offers a reduced energy expenditure compared to others. To improve the ranging with a scheme as simple as TWR, our idea is to leverage the ranging exchanges of the past. Indeed, several applications necessitate regular ranging of mobile devices for localisation purposes. Each time the ranging is performed, useful information regarding local clocks is exchanged between nodes. Provided that such exchanges exist, we show in this paper that it is possible to drastically improve the ranging accuracy of TWR by learning the clock skew between the nodes. This clock skew is considered in the ToF computation to adjust both clocks to the same rate. Our approach, called Skew-Aware TWR, is compared by extensive measurements to SDS-TWR. It is shown to be as precise as SDS-TWR while reducing the number of exchanged messages (two frames less than SDS-TWR).
III. BACKGROUND
The IEEE 802.15.4a is the first international standard that provides a specific physical layer capable of wireless ranging. Two formats of communication signal are proposed: Impulse Radio Ultra-Wide Band (IR-UWB) signals and the chirp spread spectrum (CSS) signals, both of them suitable for data communication as well as for ranging purposes. In this work, we consider the IR signal format. The packet format proposed by the standard is shown on Figure 2 . The network preamble is used to synchronise entities and informs of the arrival of a packet. The preamble length is one of 16, 64, 1024 or 4096 symbols and is chosen depending on the required performance in terms of the positioning precision. For example, a larger preamble size helps low quality receivers to gain higher SNRs while a smaller preamble size reduces the channel occupancy and leads to reduced energy consumption. The SFD is a short sequence of 8 or 64 symbols indicating the end of the preamble and the start of the physical layer header. It is used to establish frame timing and its detection is important for accurate estimation. According to the standard, a device may implement the optional ranging support by specifying a RFRAME frame. The RFRAME is indicated by setting a ranging bit in the PHY header of the packet. The range between two nodes (devices) is determined typically via twoway time of arrival (TWR-ToA) of a RFRAME by recording its arrival time. However, TWR-ToA requires a common timebase between both nodes. A slightly modified version of the TWRToA protocol is proposed by the standard which do not require a common timing reference (Figure 1a) . Two counter values are necessary to report: the ranging counter start value, which represents the time of arrival (ToA) (t 2 ) of the first pulse of the first symbol of the PHR, also known as RMARKER, and the ranging counter stop value representing the time when the RMARKER of the ACK packet leaves the antenna (t 3 ). Then, the timestamp report should contain both (t 2 ) and (t 3 ). This timestamping requires a very high precision timer, with a typical precision of 100ps.
IV. ACCURATE APPROACH FOR TOF ESTIMATION
As explained before, SDS-TWR protocol improves TWR as it reduces the impact of the clock skew on the ranging estimation. However, the improvement in terms of ToF estimation is achieved to the detriment of the number of exchanged messages, which is increased compared to TWR. From Figures (1a) and (1b), we can see that, while only three messages are necessary for TWR to compute the ToF, a total of five messages are required for SDS-TWR. This issue may be prohibitive, specially for applications requiring minimal power consumption. In this section, we introduce a new approach for estimating the ToF in UWB by compensating the skew between node's clock and minimising the number of exchanged messages.
A. Skew-Aware TWR Approach
The proposed approach is based on TWR. As shown in Figure (1a) , once the reply message reaches the destination, node A will be able to estimate the ToF as in equation (1). However, t 4 − t 1 and t 3 − t 2 are values that are computed by different nodes having different clock frequencies. Hence, the real elapsed time t 3 − t 2 from node A standpoint will differ from the elapsed time experimented at node B. Authors in [4] propose a skew compensation based on a DecaWave DW1000 functionality that offers an estimate of the frequency relationship between nodes A and B:
. From k, the estimation of the ToF can be computed as follows:
This approach is platform-dependent in the sense that it depends on the DecaWave DW1000 functionality. In order to be able to estimate the skew, we propose an approach based on linear regression that allows us to estimate this value for any type of platform. To find the linear regression solution, an approach based on least squares methodology [11] provided by the SciPy scientific library [7] for Python, is used. From the message exchanges shown in Figure (1a) , node A will receive t 2 and t 3 representing the dates when the first pulse of the first symbol of the PHR of the START message arrives to node B and the moment when the SFD marker of the ACK packet leaves the antenna, respectively. This information would be useful to node A for estimating the skew of node B with respect to node A. This can be done as shown in Figure 3 where the line's slope represents the skew between node A and B. This first TWR iteration will allow node A to obtain a first rough estimate of the skew between itself and node B, based on the line passing through points (t 2 , t 1 ) and (t 3 , t 4 ). Successive message exchanges will allow node A to estimate a more accurate skew by means of a linear regression approach which will consider, not only the current points (t 2 , t 1 ) and (t 3 , t 4 ), but also those previously computed. By successively computing the slope of the regression line, the estimation of the ToF can be improved in the same way as done in [4] but considering the line's slope in this case:
An important point to emphasise is the fact that our linear regression approach approximates the skew by assuming the global instants t 1 and t 3 to be equal to t 2 and t 4 , respectively. In other words, the propagation time is neglected. This assumption is not unreasonable given that the propagation time is around 9 nanoseconds (for a distance of 2 meters) while (t 4 − t 1 ) and (t 3 − t 2 ) are around 300 microseconds. Clearly, the impact of these few nanoseconds over the skew can be considered as negligible. Another important point is regarding the channel access mechanism. In our approach, every time a node has a message to send (START, ACK, REPLY), it sends it in an Aloha fashion. In other words, we do not do an access control when sending UWB frames. By means of this scheme, we avoid delaying the reception of timestamps (which may have a non-negligible impact in the ToF and thus, in the ranging estimation). In next Section, we present the results of this improvement with respect to the estimated ToF for both skew and no-skew-aware approaches. We also present a comparison between our Skew-Aware TWR approach and SDS-TWR. Considering the fact that SDS-TWR-MA is more efficient and accurate than SDS-TWR, the best would be to compare our approach with SDS-TWR-MA. However, and since we do not have an implementation of this protocol in our testbed, comparisons were done between our approach and SDS-TWR protocol (available in our testbed platform).
V. EXPERIMENTS & RESULTS
In this Section, we present the experimental results we have obtained regarding the estimation of the skew-compensated ToF. Experimentations were ran in our open framework DecaDuino [10] by using the UWB physical layer of DecaWave [2] . After a description of our testbed, we present preliminary results concerning the impact of the antenna in the estimation of the ToF. These results were useful for us to better configure test scenarios. Next, we present a comparison in terms of the distance error of the traditional TWR (without skew) and the one proposed in this work. We also compare the skew estimation of our approach with a DecaWave functionality allowing to compute this value. Finally, and considering the fact that the SDS-TWR was conceived for estimating the ToF by minimising clock skew, a comparison of our approach with SDS-TWR is presented.
A. Testbed Description
DecaDuino [10] is a Physical-layer Service Access Point (PHY-SAP). It provides the two conventional Physical-Data (PD) and Physical Layer Management Entity (PLME) SAPs which enable MAC-level protocols to send/receive data and configure the transceiver (channel, transmission rate, preamble parameters...). Since this framework was designed to aid in the implementation of ToF based protocols, DecaDuino also provides access to the Physical-level 64GHz high precision timer which enables precise message timestamping at both transmission (t T X ) and reception (t RX ). Finally, DecaDuino implements advanced synchronization/timestamping functionalities such as delayed transmission and receiver skew evaluation. A compliant hardware called DecaWiNo is also described in [10] . On this design, the transceiver is a DWM1000 and the Arduino board is a Teensy 3.2 which embeds an ARM Cortex M4 32-bit MCU rated at 72MHz, with 64kB RAM and 256kB program memory. In order to minimise the impact of reflections, some of the experiments were carried out in an anechoic chamber (6 meters x 4 meters x 2.5 meters).
B. Preliminary Experimentations & Results
The idea behind these series of experiments was to be able to determine the impact of the antenna's position over the ToF. Therefore, we have carried out experiments by using a rotating table (Figure 4a ) and taking ToF measurements as the table turns. The two nodes were separated by a distance of 2 meters. Experimentation was carried out in an anechoic chamber (Figure 4b ) in order to minimise the impact of reflections. Figure 5 shows the configuration of the first scenario. Details for each of them are shown in Table I . During the execution, node B is fixed while node A, starting at 0
• , turns 5
• per second until reaching an angle of 180
• . ToF is then measured for different angles of incidence of node A's antenna based on the TWR protocol (without skew). Figure 6 shows, for each scenario, the results in terms of the distance error for different angles of incidence. From them, we can see the importance of the antenna's alignment with respect to the quality of ToF measurements and therefore, in the distance error. In fact, for each of the scenarios we can see that, as node A's antenna get closer to 90
• , the distance error is reduced, independently of node B's configuration. Table II summarises the experiment. For each of the scenarios we show the average distance error and the standard deviation, together with the points (angles) where we achieve the best and the worst values. From this we can see that both scenarios 2 and 3 seem to be better than the others. A minimal error is achieved when the antenna's angle for node A is around 75
• for both nodes in vertical position (or vertical and horizontal position for node A and B, respectively). These results were useful for us to find an optimal configuration for estimating and comparing the ToF in different scenarios (no-skew, skew based on linear regression, skew DecaWave), as we will see next. 
C. TWR and Skew-Aware TWR Comparison
In this experiment, our objective is to measure the accuracy improvement of our Skew-Aware TWR approach compared to legacy TWR. In order to carry out this, we have set up four different test scenarios where the distance between nodes is varied. The comparison is done in terms of the distance error computed from the estimated ToF for: traditional TWR (without skew compensation), Skew-Aware TWR (skew estimated from a linear regression approach) and also SkewAware TWR where the skew is estimated from the DecaWave's functionality.
1) Scenarios: Scenarios were set up in two different environments: an anechoic chamber as well as in a non-isolated room. Table III shows all tested configurations. Based on the preliminary results presented in section V-B, antennas were aligned in an optimal way (angle of 75
• for node A and 90
• for node B). For practical reasons, we consider the second scenario's configuration where both nodes are in vertical position. The idea then is to compute the ToF estimated from the original TWR and the Skew-Aware TWR (by means of both skew approaches). Then, based on the measured ToF, the distance error is found. An acceptable distance error in absolute terms is about 5, 15 and 30 centimetres for a distance between A and B of 1, 2 and 3 meters, respectively. We considered two methods for estimating the skew: a linear regression approach presented in IV-A and the DecaWave's functionality. We also present a comparison between both of them.
2) Results: Figure 7 and 8 present the results in terms of the distance error computed from the ToF estimation for each of the predefined scenarios. The first conclusion we can draw from these results is that the estimation of the ToF is significantly improved when compensating it with the skew estimation. This result was also confirmed in [4] for a skew estimated by means of the DecaWave's functionality. Secondly, we can see that there is no significant difference between the estimation done by both skew compensation techniques. This is due to the fact that both skew estimations are not so far from each other. Figure 9 shows the skew's evolution in parts per million (ppm) for both approaches. Green line represents the evolution of the computed slope while red points represent the estimated skew from DecaWave DW1000 transceiver. Table IV presents the average distance error for scenarios 5, 6, 8 and 9. The last two columns show that the distance error is almost the same for both skew estimation approaches. However, a slight improvement in the ToF estimation can be achieved when compensating the skew by linear regression (LR). 
D. SDS-TWR and Skew-Aware TWR comparison
Since SDS-TWR has been designed to minimise the impact of the clock skew, our objective in this experiment set-up is to compare SDS-TWR with the Skew-Aware TWR in terms of the distance error. Based on results presented in previous section (Figure 9 ), we only consider the skew compensation based on linear regression since it is more accurate than the DecaWave's functionality. 1) Scenarios: Two scenarios were considered for this experiment, both of them were ran in a non-isolated room for two distances: 2 and 3 meters. Detailed results are given in Table V Figure 10 shows the results in terms of the distance error between SDS-TWR and our TWR approach with skew compensation. SDS-TWR was conceived to estimate the ToF by taking into account the effect of clock skew in nodes. However, this improvement in the ToF (and therefore in the distance error), is reached to the detriment of the number of messages exchanges between nodes, which increase in order to be able to get ranging information from the other node. As seen in Figure (1b) , a total of five packets are needed to compute the ToF. We can see from Figure 10 that for both scenarios, the distance error estimated by our approach is better than the one from the SDS-TWR. Table VI shows the average distance error for both protocols. While SDS-TWR needs at least five messages to achieve this precision, our approach requires only three messages. Moreover, this number can be reduced to two messages if we consider the protocol 2M-TWR allowing to embed t 2 and t 3 in the ACK message, as done in [10] . 
F. Discussion
In section V-C, we have evaluated our Skew-Aware TWR with the traditional TWR protocol. From the results we can conclude that our approach for compensating the clock's skew improves the performance of the ToF estimation without new message addition. This is an important improvement to the TWR protocol for accurately estimating the ToF, and consequently, the ranging between nodes. In order to estimate the skew, two approaches were proposed: the first based on a linear regression estimation and the second one considering the functionality of DecaWave. Both approaches improve the performance of the ToF estimation, as shown in Figures  7 and 8 . However, results from the linear regression are slightly better than the those estimated by the DecaWave's functionality. Besides, the linear regression approach can be applied independently of the underlying hardware. We have also compared our Skew-Aware TWR approach with SDS-TWR in terms of the distance error. Results in section V-D show that our approach is slightly better than the estimation provided by SDS-TWR. However, SDS-TWR requires at least five message exchanges for getting ranging informations while Skew-Aware TWR keeps the same number of messages as the traditional TWR.
VI. CONCLUSIONS AND FUTURE WORK
In this paper, we have presented an approach that accurately estimates the ToF. The well-known pitfall of TWR is that it doesn't compensate the clock's skew during ranging, resulting in a coarse estimate of inter-node distance. SDS-TWR overcomes this problem by reducing the effect of clock skews to the detriment of the number of message exchanges. Our Skew-Aware TWR is based on TWR protocol and proposes a way to compensate clock's skews by means of a linear regression approach. Results show that our approach is suitable for reducing the distance error between nodes, when distance is computed from the estimated ToF. Results also shown that a better performance is obtained by means of our approach when compared to SDS-TWR in terms of distance error and number of messages exchanged. The linear regression analysis allows us to validate the DecaWave functionality with respect to the skew estimation. In future works, we will more extensively measure the impact of mobility of nodes on our ranging approach. We therefore plan to investigate the derivation of our linear regression for a finite size temporal window. Moreover, we plan to compare our Skew-Aware TWR to the most accurate SDS-TWR-MA solution, in terms of precision and energy consumption.
